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INTRODUCTION 


The  powder  metallurgy  (P/M)  process  is  an  economical  method 
for  the  production  of  a variety  of  parts  subjected  to  light  and 
medium  loads.  Recently,  powder  metallurgy  parts  and  products 
have  been  continuing  to  make  inroads  in  traditional  markets  and 
production  fields,  such  as  gears,’  hydraulic  equipment,  farm 
machinery,  appliances,  and  even  weapons.  Iron-powder  shipments 
in  North  America  in  1973  reached  194,000  tons,  scoring  a 26%  gain 
over  1972.  Powder  metallurgy  parts  accounted  for  almost  78%  of 
this  total,  with  their  parts  shipments  gaining  28%  over  the  1972 
level.  These  P/M  parts  can  be  produced  by  a number  of  metal  powder 
process  combinations.  In  many  cases,  a change  in  the  required 
mechanical  properties  can  be  produced  by  a simple  material  change. 

Numerous  powder  blends  and  prealloyed  powders  are  available 
that  develop  better  mechanical  properties  in  sintered  and  heat- 
treated  P/M  parts  than  those  obtainable  with  ordinary  iron-base 
powder  blends.  Other  advantages  stressed  include  elimination  of 
scrap,  low  labor  input,  high  volume,  precision,  and  improved 
strength . 

Since  P/M  materials,  forged  or  sintered,  sometimes  show 
superiority  when  compared  with  wrought  alloy  steel,  and  offer  many 
advantages,  they  can  replace  the  conventional  alloy  steel  in 
machinery  parts.  Even  though  the  goal  of  forged  or  sintered  P/M 
parts  is  to  eliminate  sequential  machining,  machining  is  required 
in  some  cases.  Since  there  is  not  a great  deal  of  information  con- 
cerning the  machinability  of  P/M  materials,  it  would  be  significant 
to  establish  a relationship  between  wrought  iron,  another  important 
material,  and  P/M  materials,  from  a machinability  point  of  view. 

Since  properties  of  P/M  materials  are  largely  dependent  upon 
the  density  of  the  materials,  which  are  determined  in  the  sintering 
and  forging  process,  the  effect  of  P/M  density  on  material  proper- 
ties is  essential.  Effective  and  reliable  information  on  the 
machinability  can  be  gained  only  through  the  investigation  of 
several  processes,  rather  than  a single  process. 

In  this  project,  two  processes,  turning  and  drilling,  were 
compared  for  their  machinability,  especially  with  cutting  force 
measurement,  in  wrought  alloy  and  two  different  density  P/M 
materials . 

The  most  frequently  applied  machining  process  in  P/M  materials 
is  the  hole  making  process.  After  the  drilling  process,  reaming 
and  boring  processes  were  conducted  in  the  two  different  P/M 
density  materials.  The  improvement  in  terms  of  accuracy  in  hole 
geometry,  especially  displacement  and  parallelism,  were  extensively 
studied . 


Burr  free  tapping  is  most  desirable.  The  optimum  tapping 
conditions  and  the  results  of  tapping  in  the  two  materials  was 
also  investigated. 

Very  often,  P/M  materials  require  an  end  milling  operation. 
Therefore,  it  was  interesting  to  investigate  profiling  and  slotting, 
using  2-flute  and  4-flute  helical  end  milling  cutters,  in  comparing 
the  machinability  of  the  three  different  materials  under  light 
machining  conditions. 
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PREPARATION  OF  INVESTIGATION 


Specimens 

For  this  investigation,  the  specimens  for  two  different  density 
P/M  materials  were  purchased  from  Powder-Tech  Associates,  Burlington, 
Massachusetts.  The  material  was  4600  series  A.  0.  Smith  prealloyed 
steel  powder  with  sufficient  graphite  added  to  yield  0.40  - 0.05%  when 
sintered.  Maximum  O2  was  300  PPM.  The  low  diameter  x 1-3/4"  long, 
at  6.6  - 0.1  g/cc,  pressed  and  sintered  in  a dry  H2  - N2  mix.  Sinter- 
ing was  conducted  for  1/2  hour  at  2050°F.  The  hardness  of  the  low 
density  P/M  materials  was  measured  as  BHN  114.  The  high  density  (99%) 

P/M  materials  were  forged  in  a size  of  3"  diameter  x 2"  long  and  obtained 
7.85  g/cm  or  7/78  g/cc.  The  hardness  test  for  this  high  density  material 
was  measured  as  BHN  179. 

For  the  wrought  materials,  AISI  4140  was  supplied  by  the  Rock  Island 
Arsenal.  The  hardness  of  this  material  was  BHN  212. 

Machine  Tools 


For  the  turning  test,  the  Monarch  Series  50  Lathe,  10  HP,  variable 
speed  drive  was  utilized.  For  the  hole-making  processes  such  as,  drill- 
ing, reaming,  boring,  and  tapping,  the  Bridgeport  Series  II,  4 HP  was 
mainly  used. 

Instrumentations 


The  cutting  force  measurements  for  the  turning  operation  were  con- 
ducted using  the  Kistler’s  Piezo-Electric  Force  Transducer,  Type  9257A, 
an  amplifier,  and  compensation  device. 

The  drilling  force  measurements  were  conducted  using  a four-spoke 
type  dynamometer,  which  was  designed  at  Michigan  Technological  University, 
and  is  described  in  Part  1 of  the  report  in  this  project. 

The  roundness  measurements  for  the  holes  were  conducted  using  the 
Talyrond  100. 

For  surface  roughness  measurements,  the  Bendix  profilometer  was  used 
and  surface  roughness  profiles  were  recorded  using  a Surfcom  Type-2 
having  a stylus  tip  of  120  jain.  radius. 
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TURNING  PROCESS 


Recently,  many  researchers  have  been  interested  in  observing 
the  details  of  chip  formation  in  order  to  give  a more  precise 
analysis  of  the  chip  formation  phenomenon. 

As  shown  in  Fig.  1,  the  formation  of  a segmented  chip  produces 
a variation  in  its  cutting  force  measurement  (bottom  figure) , 
while  a uniformly  deformed  chip'  draws  a smooth  diagram  (top  figure) . 


Fig.  1 


Schematic  1 1 lustration 


Describing  the  Relationship 
between  Chip  Formation 
and  Cutting  Forces 


Chip  formation  in  metal  cutting  is  conducted  at  very  high  strain 
and  strain  rates.  Continuous,  discontinuous,  or  segmented  chips 
may  occur  depending  on  the  workpiece  properties,  and  the  magnitude 
of  the  shear  strain  which  occurs  at  the  shear  zone. 

Three  different  types  of  workpieces  (AISI  4140,  low  density 
P/M,  and  high  density  P/M)  were  turned  and  their  respective 
cutting  force  diagrams  were  compared.  The  Kistler  Type  9257A 
piezo-electric  dynamometer  utilizing  an  amplifier  was  used  to 
carry  out  this  test.  Due  to  this  instrument  being  very  sensitive, 
accurate  details  of  the  changes  of  cutting  force  during  turning 
were  obtained. 

As  shown  in  Fig.  2,  the  AISI  4140  material  demonstrated  r 

entirely  different  cutting  force  characteristics  when  two  different 
cutting  speeds  were  used.  At  a cutting  speed  of  V = 80  fpm,  the 
variation  of  cutting  force  obtained  is  one-third  that  of  the 
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WORK  Al SI  4K0 


Fc 


v=80f  pm 


Fig.  2 


Cutting  Force 
Characteristics  when 
Turning  AISI  4140 


v=  500 f pm 


J 


maximum  cutting  force.  However,  at  a cutting  speed  of  V = 50  0 fpm, 
the  variation  is  reduced  to  one-fifth  of  the  maximum  cutting  force. 
This  can  be  explained  by  the  fact  that  at  higher  cutting  speeds, 
the  chip  formation  is  very  steady  and  uniform  chip  thickness  and 
continuous  chip  formation  are  obtained. 

Low  density  P/M  material  showed  similar  results  to  that  of 
AISI  4140  (Fig.  3).  However,  for  the  high  density  P/M  material,  we 

WORK  PM  6.6  gm/cc 


Fig . 3 


Cutting  Force 
Characteristics  when 
Turning  Low  Density 


Fi 


v = 80  f pm 


v=  500  fpm 


5 


can  see  significant  characteristics  in  the  cutting  force  diagram 
(Fig.  4) . Even  though  a high  cutting  speed  of  V = 500  fpm  was 
used,  the  existence  of  a variation  in  cutting  force  was  still 
recognized . 


WORK  PM  7.8 qm/ cc 


Fig.  4 


Cutting  Force 
Characteristics  when 
Turning  High  Density 
P/M  Material 


-s 


v = 500  fpm 

\ 


The  reason  for  this  is  that  low  density  P/M  materials  are 
brittle  and  produce  discontinuous  chips  resulting  in  cutting  force 
variation.  Therefore,  the  chip  formation  or  type  of  chip  should 
be  directly  related  to  the  nature  of  the  cutting  force.  The  con- 
tinuous chip  produces  a smooth  cutting  force  diagram  while  a dis- 
continuous chip  results  in  cutting  force  variation. 

In  order  to  compare  the  types  of  chips  produced  in  the  three 
different  materials,  the  chips  were  collected  and  photographed. 

As  shown  in  Fig.  5,  the  types  of  chips  have  very  good  correlation 
with  the  cutting  force  diagram,  i.e.  low  density  P/M  material 
exhibited  the  most  uneven  chips,  while  AISI  4140  showed  longer 
continuous  chips. 

Most  alloy  steels  are  subject  to  built-up  edge  at  relatively 
low  cutting  speeds.  The  surface  roughness  also  correlates  with  the 
built-up  edge  occurrence.  The  photographs  of  the  machined  surface 
at  three  different  cutting  speeds,  V = 40  fpm,  V = 160  fpm,  and 
V = 640  fpm,  are  presented  in  Fig.  6.  The  surface  profile  re- 
cordings obtained  by  the  respective  cutting  speeds  are  shown  in 
Figs.  7,  8,  and  9,  for  comparison. 
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a)  AISI  4140 

f = 0.003  ipr 
f = 0.008  ipr 


b)  Low  Density  P/M 
f = 0.003  ipr 
f = 0.008  ipr 


e 

« r 
' >> 


o 

Fig'.  5:  F/zip  Types  Produced  by  Different  Work  Materials 


e)  High  Density  P/M 
f = 0.003  ipr 
f = 0.008  ipr 
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V = 40  fpm  v = 640  fpm 

AISI  4140 


High  Density  P/M 


Low  Density  P/M 
-S3 


Fig , 6:  Surface  Roughness  Photography 

Produced  by  Different  Materials 


8 


WORK  AISI  4140 
TOOL  WC,  NR  = 0.031  in 
DEPTH  OF  CUT  0.030in 
FEED  RATE  : 0.008  ipr 


V = 640  (pm 


Fig.  7 

Surface  Profile  Produced 
by  AISI  4140  at  Three 
Different  Speeds 


V =160  fpm 


i^VV'  J V=40fpm 


WORK  : LOW  P/M 
TOOL  WC  . NR  = 0.031  in 
DEPTH  OF  CUT'  0 030  in 
FEED  RATE.  0008 ipr 


Fig . 8 

Surface  Profiles  Produced 
by  Low  Density  P/M 
Material  at  Three 
Different  Speeds 


V = 640  (pm 


vtVwvAaAavWVW'V;160  fpm 


Vr A v=  AOfpm 
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WORK  HI  P/M 

NR  0031  in 

DEPTH  OF  CUT  0030  in 
FEED  RATE:  0.008  ipr 


Fig.  9 


~~i  r—i 

2.5/J  m 2 5 jd  m 


V=64  0 fpm 


Surface  Fro  files  Produced 
by  High  Density  P/M 
Materials  at  Three 
Different  Speeds 


V = 1 60  f pm 


/ 


/ ^ 


syv  V = 40  f pm 


Clearly,  when  turning  AISI  4140  alloy  steel  at  low  cutting 
speeds,  built-up  edge  occurrence  was  evident.  The  high  density 
P/M  materials  conveyed  no  built-up  edge  occurrence  when  a cutting 
speed  of  V = 160  fpm  is  exceeded. 

The  low  density  P/M  materials,  however,  produced  built-up 
edge  for  a wide  range  of  cutting  speeds,  from  low  to  V = 640  fpm. 

A comprehensive  comparison  of  surface  roughness  and  built-up  edge 
occurrence  was  made  and  is  shown  in  Fig.  10.  From  this  figure, 
the  affinity  toward  built-up  edge  for  the  three  materials  can  be 
characterized.  AISI  4140  was  most  affected  by  built-up  edge 
production  in  the  low  speed  range. 

Even  though  built-up  edge  is  visual,  in  the  range  of  cutting 
speeds  used,  the  cutting  force  showed  very  small  changes.  Because 
of  the  small  depth  of  cut  and  feed  rate,  the  cutting  force  measure- 
ments were  not  affected  by  built-up  edge  occurrence,  even  though 
characteristics  of  cutting  force  are  different,  as  previously  ex- 
plained. Fig.  11  presents  the  cutting  force  comparison  (tangential 
force  Fc  and  feed  force  Ff)  of  the  three  materials  in  the  range  of 
cutting  speeds  from  40  fpm  to  640  fpm.  High  density  P/M  material 
required  the  highest  cutting  force,  while  low  density  P/M  material 
required  the  least. 
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Fig.  10 


90  50  100  200  300  400  600 


Surface  Roughness  as  a 
Function  of  Cutting  Speed 
for  Three  Different 

Materials 


CUTTING  SPEED,  fpm(m/min) 


Fig.  11 

Cutting  Forces  as  a 
Function  of 
Surface  Speed 
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The  effect  of  feed  rate  on  the  cutting  force  of  the  three 
materials  showed  similar  order  in  the  cutting  force  measurements, 
which  is  shown  in  Fig.  12.  This  result  is  acceptable  because  the 
hardness  measurement  on  the  three  materials  demonstrated  a 
similar  order  as  well. 


Fig.-  12 

Cutting  Forces  as  a 
Function  of  Feed  Rate 
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DRILLING  PROCESS 


In  order  to  compare  three  materials  from  the  drilling 
performance  point  of  view,  drill  forces,  both  thrust  and  torque, 
were  compared  with  their  respective  cutting  force  diagrams. 

As  shown  in  Fig.  13,  both  the  P/M  materials,  high  density  and 
low  density,  generated  relatively  steady  cutting  force  diagrams. 

The  P/M  material  supplied  by  the  U.S.  Armament  Command  (hardness 
was  read  as  BHN  555)  showed  much  more  steady  drilling  force  diagrams 
in  both  torque  and  thrust.  Even  though  the  magnitude  of  the 
forces  is  very  high,  no  variation  was  recorded  in  the  cutting  force 
diagrams.  It  seems  to  be  that  this  particular  material  is  per- 
fectly compacted  and  the  chip  is  formed  almost  perfectly  in  the 
continuous  form.' 


J200lbf 


WORK:  PM  6.6  gm/  cc 


JlOft-lb 


TORQUE 


WORK-  PM  78  gm/cc 

TORQUE 


Fig . 13 

Drilling  Force 
Characteristics  for 
Three  Different 
Materials 


THRUST  l40mDt 
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WORK  PM  X 
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TORQUE  (ft- Ibf)  _ THRUST  (Ibf) 


The  drilling  force  measurement  under  varied  feed  rates 
exhibited  the  differences  of  the  material  properties  as  shown  in 
Fig.  14.  The  highest  drilling  force  was  shown  when  drilling  the 


FEED  (ipr) 


Fig.  14 

Drilling  Forces  as  a 
Function  of  Feed  Rate 


FEED  (ipr) 
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P/M  specimen  supplied  by  the  Rock  Island  Arsenal,  while  the 
lowest  force  was  produced  by  the  low  density  P/M  material.  The 
AISI  4140  and  high  density  P/M  materials  showed  reverse  order  in 
the  torque  and  thrust  measurements.  The  drilling  force  measurement 
and  investigation  also  satisfactorily  agreed  with  the  results  from 
the  turning  process  test. 

The  chip  formation  after  drilling  in  the  low  and  high  density 
P/M  materials  were  compared  in  Fig.  15  and  Fig.  16.  At  both  feed 
rates  of  0.003  ipr  and  0.005  ipr,  the  low  density  P/M  material  pro- 
duced very  well-broken  chips,  having  a fan  type.  However,  the  high 
density  P/M  material  showed  similar  chip  formation  to  that  of 
AISI  4140  annealed  steel,  in  which  the  length  of  the  chip  is  reduced 
as  the  feed  rate  is  increased.  From  this  observation,  it  could  be 
conveyed  that  high  density  P/M  materials  are  related  very  closely 
to  the  material  properties  of  AISI  4140. 

Drill  wear  patterns  have  a unique  feature,  as  shown  in  Fig.  17. 
Three  main  areas  of  wear  on  a drill  could  be  classified  as  follows: 

a)  Chisel  edge  - With  an  increasing  number  of  holes,  the 
chisel  edge  developed  wear  in  the  form  of  two  fans. 

b)  Lip  - A wearland  on  the  lip  developed  in  triangular 
form  along  the  edge  of  the  whole  lip  extending  from 
chisel  to  margin,  but  seldom  did  both  lips  have  simi- 
lar progress  of  wear.  The  lip  curvature,  web 
centrality,  and  relative  lip  height  are  the  most 
prominent  reasons  for  the  difference  of  wear  on  both 
lips . 

c)  Margin  - At  the  point  of  junction  between  the  lip  and 
margin,  wear  took  place  in  the  form  of  a narrow  tri- 
angle which  developed  upward.  It  was  observed  that 
as  the  error  of  drill  axis  centrality  increased,  the 
difference  in  wear  on  the  two  margins  became  noticeable. 

An  extensive  drill  life  test  was  conducted  in  the  two  P/M 
materials  in  order  to  compare  it  with  that  for  AISI  4140  annealed 
alloy  steel. 

Only  taper-shank, standard  HSS  drills  having  a 0.5  in.  diameter 
were  used  for  this  investigation.  At  the  beginning  of  this  investi- 
gation, a preliminary  test  was  conducted  to  observe  built-up  edge 
occurrence  without  a cutting  fluid.  However,  fumes  with  an  odor 
were  observed  on  the  one  hand,  and  the  drill  edge  changed  its  color 
and  looked  as  if  the  drill  would  break.  It  was  also  very  difficult 
to  establish  the  drill  wear  progress  as  a function  of  cutting  time. 

In  order  to  carry  out  a realistic  investigation,  a cutting 
fluid  consisting  of  a 20:1  water  soluble  oil,  Vantrol  450,  produced 
by  the  Van  Straaten  Chemical  Company,  was  used.  The  cutting  fluid 
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a)  b) 

Fig . 15:  Chips  Produced  in  Low  Density  P/M  Materials 
a ) f = 0.  003  ipr ; b)  f = 0 . 005  ipr 


Fig.  16:  Chips  Produoed  in  High  Density  P/M  Materials 
a)  f = 0.003  ipr ; b)  f = 0.005  ipr ; a)  f = 0.009  ipr 
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Fig . 17 


Typical  Wear  Pattern 
in  a Twist  Drill 


was  supplied  from  two  tubes  which  were  spaced  at  180°  and  the 
cutting  fluid  flow  was  controlled  at  constant  pressure  of  approxi- 
mately 20  psi  and  in  such  a manner  so  that  the  cooling  action  on 
the  workpiece  and  drill  was  sufficient. 

After  a certain  cutting  time,  the  drill  wear  was  carefully 
observed  by  a microscope  and  it  was  found  that  the  progress  wear 
of  both  lips  and  chisel  were  entirely  different  from  the  case  of 
drilling  in  AISI  4140  annealed  alloy  steel. 

Wear  on  the  chisel  edge  was  nearly  invisible,  while  the  wear 
on  the  lip  edge  increasingly  appeared  with  increasing  cutting  time. 
There  was  much  greater  chipping  occurrence  on  the  lip  than  in  the 
case  of  drilling  AISI  4140  steel.  The  wearland  increase  showed  a 
large  variation  in  its  value  as  drilling  condition  was  varied. 

After  extensive  tests,  the  wearland  on  the  lip  edge  when  low 
density  P/M  material  was  drilled  was  determined  and  is  exhibited 
in  Fig.  18.  The  feed  rate  was  held  constant  at  0.008  ipr  and  the 
depth  of  the  holes  was  3/4  inches  throughout  the  investigation. 

The  wearland  vs.  cutting  time  (or  number  of  holes)  demonstrated 
very  different  results  compared  with  the  previous  investigation  in 
AISI  4140.  As  drilling  speeds  were  increased,  wearland  increased 
distinctly,  while  in  the  case  of  drilling  in  AISI  4140,  reverse 
trends  were  obcained.  The  reason  for  this  was  that  at  increased 
cutting  speeds , the  drill  wear  was  protected  by  the  built-up  edge 
occurrence,  which  is  more  active  at  higher  cutting  speeds. 

In  high  density  P/M  material,  the  wearland  progressed  as  a 
function  of  the  number  of  holes  drilled,  and  this  is  indicated  in 
Fig.  19.  As  expected,  the  wearland  progress  was  slightly  larger 
than  in  the  case  of  low  density  P/M  materials. 
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As  previously  mentioned,  the  results  of  the  investigation  of 
drill  wear  have  less  reliability  because  of  the  intense  variation 
in  the  wear land  measured.  The  results  in  Figs.  18  and  19  were 
based  on  the  conducted  investigation  only. 

The  most  significant  and  important  test  was  to  find  the  drilling 
condition  at  which  total  failure  of  the  drill  frequently  took  place. 
Fig.  20  indicates  how  and  where  a total  failure  of  a drill  is  ini- 
tiated. When  the  drilling  speed  was  too  high,  a severe  wear  was 
initiated  at  the  margin  (Fig.  20a) . Without  changing  the  drilling 
conditions,  the  initiated  wear  spread  quickly  (Fig.  20b  and  Fig. 

20c)  and  finally,  the  drill  demolished  completely  (Fig.  20d) . When 
the  drill  initiated  an  unusual  wear  on  the  margin,  a high  "octave" 
noise  could  be  heard. 

The  holes  produced  by  the  drill  which  had  severe  wear  could  be 
easily  distinguished  as  shown  in  Fig.  21.  In  most  cases,  the  drilled 
holes  had  a triangular  shape.  The  reason  for  this  can  be  explained 
by  the  fact  that  the  drill  having  a severe  wear  cannot  control  an 
accurate  rotation  and,  therefore,  conducts  very  heavy  "walking"  when 
the  penetration  begins. 

In  order  to  establish  a maximum  drilling  speed,  the  investiga- 
tion was  repeated.  As  shown  in  Fig.  22,  at  a spindle  RPM  of  1200,  a 
drill  failed  after  drilling  more  than  120  holes.  However,  when  the 
RPM  was  increased  to  1500,  the  drills  failed  after  drilling  40 
holes,  30  holes,  and  13  holes,  and  at  RPM's  of  1800,  the  drills 
failed  after  drilling  less  than  5 holes.  Even  though,  in  this  in- 
vestigation, drill  life  varied  for  low  density  P/M  material,  the 
maximum  RPM  of  the  spindle  would  be  1500  or  less. 

A similar  investigation  was  undertaken  in  the  high  density  P/M 
material.  As  shown  in  Fig.  23,  at  an  RPM  of  1200,  two  drills 
failed  after  drilling  84  holes  and  72  holes.  At  higher  than  1200 
RPMrs  most  drills  failed  after  very  short  cutting.  From  this  in- 
vestigation, the  maximum  spindle  RPM  for  high  density  P/M  material 
would  be  1200  or  less. 

The  effect  of  feed  rate  on  drill  failure  was  not  clearly 
obtained  through  this  investigation  because  only  a very  limited 
range  of  feed  rates  were  applied.  An  extensive  investigation  would 
have  been  necessary  to  determine  the  effects  of  various  feeds  on 
drill  life. 

The  performance  of  the  drill  is  largely  dependent  on  the  drill 
manufacturer.  Material,  heat  treatment,  and  process  of  manufactur- 
ing are  dissimilar  and  dependent  on  the  drill  manufacturers.  Three 
drills  obtained  from  different  manufacturers  were  tested.  The  re- 
sults show  a remarkable  difference  among  the  three  drill  manufac- 
turers. Even  though  these  results  may  be  considered  as  a feasible 
range  of  variation  for  drills  produced  by  a single  drill  manufacturer, 
it  is  significant  to  note  that  no  two  drills  performed  with  any  close 
similarity. 
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drill  Failure 


Fig.  20:  Progress  of  Failure  in  a Twist  Brill 
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Fig . 21:  Typical  Hole  Shape  Produced  by 

a Brill  Prior  to  Failure 
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Fig . 23 

Relationship  between 
Drill  Failure  and 
Drilling  Speed  in 
High  Density  P/M 


It  was  also  expected  that  tungsten-carbide  tipped  drills  would 
be  able  to  run  at  very  high  speeds,  therefore,  a series  of  tests 
were  carried  out.  After  preliminary  tests  of  drill  wear,  it  was 
confirmed  that  drill  wear  was  negligibly  small  under  low  drill 
speeds.  It  was  also  interesting  to  note  how  the  tungsten  carbide 
tipped  drill  performed  in  terms  of  drill  wear,  under  high  speed 
operations.  The  RPM  was  selected  at  1500  and  the  test  was  re- 
peated three  times.  The  RPM  was  then  reduced  to  1000  and  the  test 
was  repeated  three  more  times  under  a feed  rate  of  0.005  ipr. 

During  all  six  tests,  the  drill  failed,  as  shown  in  Fig.  24. 

From  this  investigation,  it  was  felt  that  tungsten  carbide 
tipped  drills  should  not  be  recommended  for  drilling  P/M  materials. 
Considering  the  higher  price  (4-5  times  that  of  high  speed  drills) , 
the  tungsten  carbide  tipped  drills  showed  no  advantage  in  terms  of 
performance.  The  reason  for  the  sudden  failure  may  be  caused  by 
the  dynamic  behavior  of  the  drill  under  high  spindle  RPM.  This 
kind  of  a drill  may  display  its  performance  when  drilling  non- 
ferrous  materials  having  low  hardness.  A typical  failure  of  a 
tungsten  carbide  tipped  drill  is  shown  in  Fig.  25. 

In  order  to  compare  two  P/M  materials  in  terms  of  surface 
roughness,  a series  of  investigations  were  conducted.  As  shown 
in  Fig.  26,  the  spindle  RPM  was  varied  from  207  to  1500  under  a 
constant  feed  rate  of  0.005  ipr.  As  shown  in  the  figure,  the 
surface  roughness  demonstrated  a large  variation.  At  574  RPM, 
surface  roughness,  in  terms  of  arithmetic  average,  AA,  ranges  from 
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50  yin.  to  105  yin.  when  a total  of  83  holes  were  drilled.  At 
increased  RPM,  the  value  of  surface  finish  increased  and  at  1000 
RPM,  surface  finish  varied  between  100  yin.  to  250  yin. 

Surface  finish  generated  by,  twist  drills  is  influenced  by 
many  factors,  such  as  drill  grinding  conditions,  drill  geometry, 
spindle-adapter-drill  system,  coolant,  etc.  It  is  almost  impossi- 
ble to  establish  the  effect  of  one  single  factor.  However,  in 
this  investigation,  the  dynamic  behavior  of  spindle-drill  system 
would  be  the  most  effective  factor  since  the  surface  finish  in- 
creased as  the  spindle  RPM  increased. 

High  density  P/M  materials  showed  similar  results  when  compared 
with  low  density  P/M  materials.  As  shown  in  Fig.  27a,  at  770  RPM 
the  surface  finish  in  terms  of  AA,  ranged  between  100  yin.  and 
200  yin.  A much  higher  variation  in  the  surface  finish  was  ob- 
tained as  the  spindle  RPM  was  increased  to  1000  as  shown  in  Fig. 

27b.  Even  250  yin.  was  measured  at  this  drilling  condition. 
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Fig.  27:  Surface  Finish  Obtained  in  Drilled  Roles 

in  High  Density  P/M  Material 
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REAMING  PROCESS 


A reamer  is  a rotary  cutting  tool,  generally  of  cylindrical 
or  conical  shape,  intended  for  enlarging  and  finishing  holes  to 
accurate  dimensions.  It  is  usually  equipped  with  two  or  more 
peripheral  grooves  or  flutes,  either  parallel  to  its  axis  or  in 
a right-  or  left-hand  helix  as  required.  Those  with  helical  flutes 
provide  smooth  shear  cutting  and  produce  a better  finish.  The 
flutes  form  cutting  teeth  and  provide  grooves  for  removing  the 
chips . 

Fig.  28  describes  the  terms  applied  to  reamers  for  a machine 
reamer  point.  The  most  critical  points  where  cutting  action  takes 
place  and  wear  occurs  are  the  chamfer  relief  and  the  margin.  Re- 
lief is  the  result  of  the  removal  of  tool  material  behind  or  ad- 
jacent to  the  cutting  edge  to  provide  clearance  and  prevent  rubbing. 
Margin  is  the  unrelieved  part  of  the  periphery  of  the  land  adjacent 
to  the  cutting  edge. 


Straight  flutes  Rake  angle  and 

shown  right  hand 

rotation  shown 


Fig.  28:  Terms  Applying  to  Machine  Reamer  Point 

In  this  investigation,  two  different  types  of  reamers  were 
used  - a high  speed  steel  reamer  and  a tungsten  carbide  tipped 
reamer,  both  having  a diameter  of  17/32  inch  and  shown  in  Fig.  29. 
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Fig . 29:  Two  Kinds  of  Reamers 

a)  Tungsten  Carbide 

b)  HSS 

The  machine  tool  used  for  this  investigation  was  the  same  as 
that  for  the  drilling  investigation.  Two  different  kinds  of  reamer 
holders , Jacob  chuck  and  floating  reamer  chuck,  were  used.  Stock 
removal,  after  the  drilling  operation,  was  measured  as  0.015  inch 
on  one  side  for  both  types  of  reamers. 

The  wear  on  the  reamers  was  measured  by  microscope  and  it  was 
found  that  the  tungsten  carbide  tipped  reamer  had  almost  negligible 
wear  on  the  margin  and  chamfer.  However,  the  high  speed  reamer 
showed  an  increasing  wearland  as  a function  of  cutting  time  and 
this  is  shown  in  Fig.  30.  B1  is  defined  as  wearland  on  the  chamfer 
and  B2  as  that  on  the  margin.  It  was  also  noted  that  the  progress 
of  B2  is  larger  than  B2.  Compared  to  the  drill  wear,  the  wear  on 
the  reamer  is  very  small.  The  reason  for  this  is  that  the  reamer 
removes  only  small  stock  while  the  drill  removes  the  material  in 
large  stock  or  the  total  material  in  the  total  hole.  The  ratio  of 
stock  removals  for  these  processes  would  be  approximately  85:1. 

As  shown  in  Fig.  30,  the  wearland  is  so  small  that  no  effect 
of  reamer  wear  on  the  dimensional  accuracy  can  be  counted.  The 
most  important  purpose  of  reaming  is  to  improve  the  accuracy  in 
the  location,  roundness,  and  parallelism  of  a hole  after  a drilling 
operation.  As  illustrated  in  Fig.  31,  a lack  of  rigidity  of  the 
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Fig.  30 


Progress  of  Wear  as  a 
Function  of  Beaming  Time 


Fig.  31 

Schematic  Illustration 
Indicating  Cause  of 
Displacement  and 
Parallelism  Error 
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spindle-adapter-drill  system,  the  play  of  the  bearing  on  the 
spindle,  and  the  location  of  the  bearings,  the  hole  center  loca- 
tion after  drilling  is  not  identical  withy  the  spindle-center, 
i.e.  a displacement  will  take  place. 

The  deflection,  f,  of  the  end  of  a rotating  tool  is  expressed 
as 

- _ P (£+c)  c 2 
1 ” El  3 

where  P = Difference  in  radial  forces  produced  by  both  lips 

E = Young 1 s Modulus  of  the  system 
I = Moment  of  inertia  of  the  system 
£ = Distance  of  the  two  bearings 

c = Distance  from  the  lower  bearing  to  the  end  of  the  drill 

When  the  drill  (or  other  hole  making  tool)  is  deflected  at  the 
beginning  of  the  operation,  the  hole  cannot  be  parallel  to  the 
spindle  axis,  i.e.  error  in  parallelism  will  take  place.  In  this 
investigation,  a "Federal ' s Center  Find  Attachment' was  utilized  for 
the  measurement  of  displacement  and  parallelism.  The  attachment 
provided  a very  precise  and  convenient  method  for  the  centering 
of  cylindrical  work  for  critical  machining.  As  shown  in  Fig.  32, 
it  allows  the  gage  head  to  rotate  with  the  machine  spindle  while 
the  amplifier  cord,  which  is  attached  to  the  f riction-free  collar, 
remains  stationary.  This  permits  the  spindle  to  be  rotated  by  power 


Fig . 32 


Schematic  Illustration 
Indicating  Displacement 
and  Parallelism  Error 
Measurement 
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at  slow  speeds,  eliminating  the  inevitable  deflection  which  results 
when  the  spindle  is  rotated  by  hand.  Removal  of  this  prime  cause  of 
inaccuracy  makes  the  "Center  Find"  well  suited  to  precisely  check 
roundness,  displacement,  parallelism,  squareness,  and  other  geo- 
metrical conditions  of  the  work. 

After  drilling  or  reaming,  the  tool  is  removed  from  the 
spindle  and  the  measuring  device  is  inserted  in  the  spindle.  The 
workpiece  is  kept  clamped  and  the  border  of  the  hole  is  tested  by 
the  stylus  so  that  records  will  indicate  the  displacement  of  the 
hole . 


The  parallelism  error  can  be  evaluated  by  moving  the  spindle 
axis  in  four  appointed  directions:  12  o'clock,  6 o'clock,  3 o'clock 
and  9 o'clock  from  the  position  of  the  machine  operator.  The  com- 
bined measurements  of  two  directions,  12  o'clock  and  6 o'clock  or 
3 o'clock  and  9 o'clock,  can  be  used  to  illustrate  the  error  of 
parallelism. 

Fig.  33a  presents  how  the  drilled  holes  are  located,  off  from 
the  center  of  the  spindle  axis,  and  how  the  sequential  reaming 
process  can  improve  the  mislocations . Drilling  was  conducted 
without  centering.  After  11  tests  on  low  density  P/M  material,  it 
was  found  that  the  displacement  after  drilling  ranged  from  25  ym 
to  170  ym;  and  after  reaming,  the  displacement  was  improved  to  the 
range  10  ym  to  60  ym.  The  error  is  reduced  approximately  by  half. 

The  parallelism  error  demonstrated  a much  higher  variation  in 
the  error  measurements.  After  drilling,  parallelism  was  obtained 
in  the  range  of  60  ym  to  230  ym  as  shown  in  Fig.  33b.  However, 
after  reaming,  the  error  was  approximately  reduced  to  a range  of 
20  ym  to  70  ym.  By  the  reaming  process,  it  is  possible  to  reduce 
the  error  due  to  parallelism  by  almost  two-thirds. 

As  indicated  in  Fig.  34,  high  density  P/M  material  obtained  a 
displacement  error  in  the  range  of  25  ym  to  120  ym,  and  after 
reaming,  the  error  was  reduced  to  the  range  of  10  ym  to  70  ym.  The 
improvement  ratio  was  almost  similar  to  that  in  the  case  of  low 
density  P/M  material.  Regarding  the  parallelism  error,  which 
ranged  from  80  ym  to  230  ym  after  drilling,  it  was  improved  to 
20  ym  to  90  ym  by  the  sequential  reaming  process. 

The  question  concerning  why  the  reaming  process  does  not 
reduce  the  error  to  zero  can  be  explained  by  the  fact  that  the 
spindle-adapter-reamer  system  is  not  rigid  enough;  and,  when  pre- 
vious error  must  be  corrected  by  the  reamer,  the  stock  removal 
becomes  very  high,  so  that  the  spindle-adapter-reamer  system  de- 
flects where  stock  removal  is  exceedingly  large  compared  to  the 
normal  operation. 

It  was  expected  that  the  use  of  centering  prior  to  drilling 
would  greatly  help  to  reduce  the  displacement  and  parallelism  error 
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Fig . 33:  Improvement  of  Hole  Geometries  After 

Reaming  Low  Density  P/M  Material 
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As  expected,  Fig.  35a  shows  that  the  displacement  error  after 
drilling  ranged  from  20  ym  to  60  ym  and  can  be  reduced  to  a range 
of  8 ym  to  25  ym. 

However,  regarding  the  parallelism  error,  the  use  of  centering 
prior  to  drilling  had  no  significant  effect,  either  on  the  initial 
error  or  the  improvement  by  the  sequential  reaming  process  and  this 
is  shown  in  Fig.  35b.  After  13  tests  in  high  density  P/M  materials 
the  displacement  and  parallelism  errors  showed  similar  results  to 
that  obtained  in  low  density  P/M  materials.  In  this  case,  the  dis- 
placement error  ranged  from  9 ym  to  40  ym  after  drilling  and  was 
reduced  to  5 ym  to  40  ym,  although  in  4 cases,  the  displacement 
error  became  worse  after  reaming  (Fig.  36a) . The  parallelism 
errors  obtained  after  reaming,  showed  a remarkable  improvement 
compared  with  the  case  of  reaming  in  low  density  P/M  materials. 

The  majority  of  the  tests  show  an  improvement  to  under  40  ym. 

The  effect  of  the  floating  chuck,  for  the  reamer,  on  the 
geometrical  error  was  also  investigated.  After  the  pre-reaming 
was  conducted  by  a Jacob* s chuck, holes  were  then  reamed  by  other 
floating  chucks  and  the  results  were  measured.  The  stock  removal 
of  0.015  inch  on  one  side  was  tne  same  as  previous  tests. 

The  investigation  in  low  density  P/M  material  is  plotted  and 
is  shown  in  Fig.  37,  but  it  presents  a very  disappointing  result. 
The  displacement  error  was  not  reduced  greatly  after  the  second 
reaming  operation,  and  shows  a very  close  measurement  to  the  first 
one.  In  some  cases,  the  second  reaming  adapted  by  the  floating 
chuck  had  a greater  displacement  error. 

Parallelism  error  improvements  due  to  the  use  of  a floating 
chuck  showed  no  significant  changes.  The  measured  results  of  the 
second  reaming  operation  are  very  close  to  the  first  reaming 
(Fig.  37b) . 

For  the  high  density  P/M  material,  the  results  of  the  displace 
ment  test  were  very  disordered.  As  shown  in  Fig.  38a,  the  pre- 
reaming error  range  was  extremely  large,  which  was  also  true  for 
the  floating  chuck  but  the  error  due  to  the  latter  was  close  to 
the  previous  error. 

Fig.  38b  shows  that  pre-reaming  high  density  P/M  material 
produced  an  error  of  parallelism  in  the  range  of  approximately 
150  ym  to  350  ym  and  that  the  second  reaming  operation  using  a 
floating  chuck  had  reduced  the  error  to  a range  of  approximately 
40  ym  to  80  ym. 

Surface  roughness  indicated  a variation  between  the  range  of 
60  yin.  to  110  yin.  but  most  surface  roughness  obtained  by  the 
reaming  process  was  100  yin.,  which  is  accepted  and  is  rougher 
than  some  drilling  (Fig.  39a) . Surface  finish  for  the  high  density 
P/M  material  after  reaming,  showed  similar  results  to  that  for  low 
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Effect  of  a Floating  Reamer  Chuck  on  the 
Role  Geometry  when  Reaming  High  Density 
P/M  Material 
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Fig.  39:  Surface  Finish  After  Reaming  in  Low  (a) 
and  high  (b)  density  P/M  Materials 
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density  P/M  materials,  however,  there  was  a large  variation, 
which  ranged  from  approximately  70  yin.  to  150  yin.  After  reaming 
45  holes,  the  average  would  be  approximately  120  yin.  (Fig.  39b). 

Results  of  the  roundness  error  in  the  drilling  and  reaming 
process  are  presented  in  Fig.  40a,  b,  and  c.  The  drilling  process 
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produced  a very  large  number  of  different  roundness  profiles.  The 
roundness  profile  is  largely  dependent  upon  the  condition  of  drill 
grinding,  concentricity  of  spindle-drill  axis,  etc.  Fig.  40a  pre- 
sents three  typical  roundness  profiles  produced  by  improper  drilling 
conditions . 

Commonly  out-of-roundness  (or  roundness  error)  is  defined  as 
the  regularly  or  randomly  spaced  deviations  from  the  ideal  roundness 
of  the  actual  profile,  which  may  result  from  numerous  parameters  in 
the  workpiece-tool-machine  system  in  the  machining  field.  Because 
the  out-of-roundness  value  is  defined  as  the  difference  between  the 
largest  and  smallest  radius  which  will  just  contain  the  measured 
profile,  these  radii  must  be  measured  from  a specified  center. 

In  most  cases  the  evaluation  of  roundness  error  is  made  in 
terms  of  minimum  circumscribed  circle  (MCC) , which  can  be  obtained 
by  using  a templet  on  a roundness  polar  chart. 

The  magnitude  of  the  error  reached  more  than  0.0014  in. 
However,  after  reaming,  the  roundness  error  was  remarkably  improved. 
Fig.  40b  shows  a typical  roundness  error  after  reaming,  which  was 
produced  by  the  Jacob  chuck.  The  top,  middle,  and  bottom  indicate 
slightly  different  figures.  The  reason  for  this  can  be  explained 
by  the  fact  that  the  reamer  was  not  on  similar  positions  against 
the  workpiece  during  the  reaming  process.  The  deflection  and 
vibration  of  the  reamer  were  different  throughout  the  penetration. 
This  was  especially  true  when  a floating  reamer  holder  was  used 
(Fig.  40c),  which  produced  seven  cornered  profiles.  The  maximum 
error  in  roundness  was  measured  as  0.002  in.  Therefore,  it  can 
be  concluded  that  a floating  reamer  holder  does  not  always  have 
advantages . 
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BORING  PROCESS 


Boring  is  the  enlarging  of  a hole  for  the  purpose  of  improving 
the  hole  geometry,  dimensional  accuracy,  and  surface  finish.  High 
cutting  speeds,  light  depth  of  cuts,  and  small  feed  rates  are 
commonly  applied. 

In  this  investigation,  two  different  assemblies  of  boring  bars 
and  heads  were  used.  Each  assembly  had  special  features,  and, 
therefore,  performed  differently.  The  first  boring  bar,  A (insert- 
type,  1/2  in.  dia.  x 3 in.  long),  was  used  in  an  Erickson  "tenthset" 
boring  head  which  permits  adjustable  depth  of  cuts  (in  increments 
of  0.0001  in.)  at  variable  axial  lengths.  The  second  boring  bar,  B 
(solid-type,  3/4  in.  dia.  x 3 in.  long),  was  set  in  a cartridge 
which  permits  only  depth  of  cuts  adjustment,  in  increments  of 
0.001  in.  Cutting  conditions  for  hole  roundness  were  V = 250  fpm 
(770  RPM) , feed  = 0.005  ipr,  and  depth  of  cut  = 0.005  in.  Feeds 
for  axial  surface  profiles  were  0.0003  in.  and  0.0008  in. 

The  boring  operation  was  expected  to  improve  errors  in  both 
displacement  and  parallelism,  which  occur  after  drilling  or  reaming. 
The  main  interest  was  to  establish  the  magnitude  of  the  improvement 
in  both  errors  after  boring.  As  shown  in  Fig.  41,  the  displacement 
was  obtained  by  measurement  after  boring  for  both  boring  heads  when 
boring  low  density  P/M  materials.  From  this  figure,  it  was  noted 
that  boring  bar  B showed  a much  greater  improvement,  in  both  errors, 
because  of  higher  rigidity.  The  cutting  conditions  were  selected 
as  V = 250  fpm  (RPM  - 770),  feed  rate  = 0.005  ipr,  and  depth  of 
cut  = 0.005  inch. 

Figure  42  presents  the  obtained  displacement  and  parallelism 
errors  by  the  boring  process  after  drilling  in  high  density  P/M 
material.  Similar  to  the  case  shown  in  Fig.  41,  the  two  different 
boring  bars  accomplished  their  performance  slightly  differently. 

The  more  rigid  boring  bar  assumed  a much  higher  grade  in  parallelism 
correction . 

The  surface  profile  generation  is  dependent  upon  the  nose 
radius  of  tool,  feed  rate,  and  dynamic  behavior  of  the  machine  and 
cutting  tool  system.  A slight  difference  in  the  surface  roughness 
profile  records  obtained  by  use  of  the  two  different  boring  bars  is 
shown  in  Fig.  43. 

The  boring  bar  A has  less  rigidity;  and,  a dynamic  behavior  of 
the  boring  bar  during  the  boring  process  was  reflected  in  the  rough- 
ness profile  record.  An  example  of  the  roundness  records  measured 
in  bored  holes  which  were  obtained  by  use  of  two  different  boring 
bars,  is  shown  in  Fig.  44a  and  44b.  Boring  bar  A,  which  had  less 
rigidity  when  compared  with  bar  B,  showed  a large  number  of  irregu- 
larities on  the  circumference.  However,  boring  bar  B,  demonstrated 
a sufficient  improvement  in  the  roundness  on  the  top,  middle  and 
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bottom  of  the  hole.  A maximum  average  error  in  roundness  by  the 
boring  process  was  calculated  to  be  .001  yin. 
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TAPPING  PROCESS 


A tap  is  used  to  cut  internal  threads*  A tap  is  a screw  on 
which  longitudinal  straight  or  helical  flutes  have  been  formed  as 
cutting  edges.  It  operates  with  two  simultaneous  motions: 
rotation  of  the  work  or  tap,  and  tap  advancement  along  the  thread 
axis.  The  principal  parts  and  constructional  elements  of  a tap 
are  shown  in  Fig.  45. 
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Fig . 45:  Principal  Parts  and  Constructional  Elements  of  a Tap 

The  thread  length  refers  to  the  part  of  the  tap  on  which  the 
thread  is  cut.  It  is  made  up  of  the  chamfer  and  sizing  section. 

The  chamfer  (or  cutting  section)  is  the  front  tapered  end  of  the 
tap  and  serves  for  the  rough  cutting  of  the  thread.  The  sizing 
section  cleans  up  the  threads  cut  by  the  chamfer. 

The  chamfer  length  differs  on  the  three  taps.  It  is  longest 
on  the  roughing  tap  (4S,  S is  the  pitch  of  the  thread  to  be  cut)  and 
shortest  on  the  finishing  tap  (1.5S  to  2S) . The  most  commonly 
applied  stock  removal  distribution  has  50  to  60  percent  removed  by 
the  roughing  tap,  28  to  30  percent  by  the  middle  tap,  and  16  to  JO 
percent  by  the  finishing  tap. 

The  thickness,  az,  of  the  uncut  chip  accounted  for  by  each 
cutting  element  (thread)  on  each  land  is  determined  on  the  basis  of 
the  height  of  thread,  t,  and  number,  K,  of  cutting  elements  (thread) 
on  the  tap  chamfer* 
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The  cross-hatched  area  in  Fig.  46  represents  the  part  of  the 
thread  groove  removed  in  one  (the  first)  revolution  of  the  tap. 
The  uncut  chip  thickness  removed  from  each  land  is 

az  = zK  ' 

but  K = g-  , 

, . tS  S . , 

then  a = — =-  = — tand) 

z zL  z Y 

where  L = chamfer  length 

z = number  of  lands  (flutes) 
t = depth  of  thread  with  clearance 


Workpiece 


Fig.  46;  Material  Removal  in  Tapping  Threads 

When  a hole  is  tapped,  there  is  always  a certain  amount  of 
expansion  caused  by  the  cutting  action  and  heat  created  by  friction. 
When  a tap  begins,  there  is  a slight  hole  expansion;  as  it  goes 
further'  into  the  hole,  there  is  an  increase  in  heat  and  the  tapped 
hole  is  further  expanded  by  a slight  amount.  When  the  tap  reaches 
the  end  and  is  ready  for  reversal,  the  pressure  of  the  cutting 
action  of  the  tap  is  removed  and  a slight  shrinkage  takes  place 
at  this  point. 

In  this  investigation,  the  drilled  holes  were  made  by  a drill 
having  a diameter  of  0.5  inch.  On  the  drilled  hole,  three  taps 
were  used  - first  roughing,  semifinishing  and  finishing.  The 
tapping  operation  was  conducted  by  a machine  (powered  tapping)  and 
a tapping  lubricant  was  used.  The  size  of  the  tap  was  5/8-11  in 
NC  - UNC  series. 
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After  completing  the  finishing  tapping,  the  accuracy  of  the 
threads  were  inspected  by  means  of  gages.  Both  P/M  materials 
(high  density  and  low  density)  showed  significant  results  and  all 
10  holes  for  both  materials  had  passed  their  inspection.  As  shown 
in  Fig.  47,  no  burr  is  visual  after  tapping. 

A tap  will  work  at  the  same  surface  feet  per  minute  as  any 
other  metal  cutting  tool  if  the  proper  style  is  used  and  held 
rigidly  and  accurately  as  in  the  other  metal  cutting  tools.  Al- 
though this  critical  speed  varies  with  the  material,  depth  of  hole, 
and  pitch,  a little  care  used  in  the  study  of  each  particular  job 
will  soon  establish  the  maximum  speed  of  each  size  of  tap,  for 
each  grade  of  material. 


a)  Low  Density  P/M 


i 


b)  High  Density  P/M 


Fig . 47;  Tapped  Surfaces 
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END  MILLING 


End  milling  is  one  of  the  most  popular  processes  in  machining. 
As  tools , many  different  types  of  end  mills  are  used. 

In  the  past,  many  research  reports  on  peripheral  milling  and 
face  milling  have  been  presented.  In  most  cases,  those  operations 
were  heavy  metal  cutting  operations  and  research  information  is 
limited  to  practical  use.  Even  though  many  of  the  basic  principles 
solved  by  the  above  operations  can  be  applied  to  end  milling,  it 
would  be  desirable  to  conduct  an  investigation  on  the  end  milling 
as  end  milling  is  essentially  a light  machining  operation  and 
because  of  differences  in  tool  geometry  and  operational  limitations. 
Precise  measurements  of  the  variables  involved  are  essential  for 
the  study  of  end  milling,  as  end  milling  is  one  of  precision  machin- 
ing. 


For  a basic  study  of  end  milling,  two  different  typical  types 
of  end  mills  - 2-flute,  and  4-flute  - were  used.  All  end  mills  for 
this  investigation  were  of  HSS,  right  hand  helix,  right  hand  cut 
and  h inch  diameter  having  a single  end. 

More  than  30  years  ago,  several  basic  classical  analyses  of 
the  milling  processes  were  made.  According  to  the  other  literature, 
end  milling  could  be  considered  a combination  of  face  milling  and 
peripheral  milling . 

As  shown  in  Fig.  48,  the  cutting  edge  of  an  end  mill  tooth 
generates  a curved  path  when  the  end  mill  is  operated  as  a slotting 
tool.  The  chip  thickness  is  minimum  at  the  points  where  the  tooth 
enters  and  leaves  the  work,  and  maximum  at  the  transition  point 
between  up-milling  and  down-milling.  This  results  from  the  combina- 
tion of  the  translatory  motion  of  the  work  and  the  rotary  motion  of 
the  cutter.  Hence,  the  direction  of  motion  of  a tool  point  is  con- 
tinuously changing  depending  on  the  direction  of  motion  of  the  work- 
piece,  and  therefore,  results  in  a trochoid  path  for  the  tooth  rather 
than  a circular  path. 


Fig.  48: 

Tooth  Path  Generated 
when  Slotting 
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A point  on  the  peripheral  cutting  edge  of  an  end  mill 
generates  three-dimensional  cutting  forces  when  an  end  mill  is 
used  as  a profiling  tool  - two  normal  forces  in  the  horizontal 
plane,  Px  parallel  to  the  feed  direction  and  Py  perpendicular  to 
the  feed  direction  and  a vertical  force  Pz  (Fig.  49) . The  resultant 
force  R can  be  expressed  as 


R = 


= A 


x 


+ P, 


2 -f  P 2 
r T z 


The  resultant  force  also  could  be  resolved  into  a radial  force,  Pr, 
a tangential  force,  Pt,  and  a vertical  force,  Pz. 


Fig.  49; 

Cutting  Force  Components 
When  Fro  filing 


When  the  helix  angle  is  zero,  there  is  no  vertical  force,  P , 
and  the  directions  of  the  forces  at  any  instant  are  as  shown  in 
Fig.  50  for  both  up  and  down  milling  processes.  From  this  figure, 
it  is  clear  that  most  of  the  force  vectors  are  symmetric  but 
opposite  in  direction. 

Whatever  the  operation  may  be,  profiling  or  slotting,  the 
periodic  chip  discontinuity  inherent  in  milling  chip  formation,  and 
associated  changing  geometry  of  the  cutter/  lead  to  cyclic  condi- 
tions of  cutting  forces  in  all  directions. 


Fig.  50:  Force  Comparison  of  Up  and  Down  Milling 

In  order  to  measure  the  cutting  forces,  a piezoelectric  three 
component  dynamometer  was  employed,  which  is  capable  of  measuring 
very  small  changes  in  cutting  force.  The  instrumentation  is  shown 
schematically  in  Fig.  51.  An  I-shape  workpiece  was  prepared  and 


Fig.  51:  Instrumentation  for  Cutting  Force  Measurement 
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fixed  on  the  dynamometer  (Kistler  Type  9257A) . Calibration  and 
compensation  in  X-Y-Z  directions  were  carefully  conducted.  A 
3-charge  amplifier  with  compensator  (Kistler  Type  9801)  and  re- 
corder (Gould  Brush)  were  installed  for  the  study  of  the  cutting 
forces  in  end  milling. 

Fig.  52  shows  the  characteristics  of  cutting  forces  in  three 
directions  during  profiling  with  a two  flute  end  mill.  As  expected, 
the  periodic  variation  of  the  three  forces  are  evident.  It  is 
known  that  tne  periodicity  of  the  multiple  toothed  end  milling 
cutter  can  be  obtained  by  appropriate  superposition  of  the  individual 
pulses  of  every  tooth.  From  the  cutting  force  record,  it  is  inter- 
esting to  note  that  the  peak  force  in  Py  in  down  milling  and  P^-  in 
up  milling  are  uneven.  It  appears  that  che  slight  difference  in 
chip  thickness  produced  by  the  two  flutes  affected  only  Py  in  down 
and  Px  in  up  milling,  respectively. 


2 - FLUTE  END  MILL  SLOTTING 


O 


Fig.  52:  Cutting  Force  Characteristics  of  a 
2-flute  End  Mill  When  Profiling 

A standard  four-flute  end  mill  was  employed  under  the  same 
conditions  as  in  the  previous  case.  As  shown  in  Fig.  53,  forces, 
especially  Px,  are  observed  to  be  uneven.  Compared  with  Fig.  52, 
it  seems  each  of  the  four-flutes  generated  highly  dissimilar  chip's. 
The  magnitude  of  the  force  is  relatively  smaller  than  in  the  case 
of  the  two-flute  end  mill.  The  generated  thrust  forces,  Pz,  in 
both  cases,  two -flute  and  four-flute  end  mill,  were  recorded  as 
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H - FLUTE  EIID  HILL,  PROFILING 


UP  HILLING  DOWN  HILLING 


Fig.  53:  Cutting  Force  Characteristics  of  a 
4-Flute  End  Mill  When  Profiling 

negligibly  small.  Although  there  was  a slight  difference  in  the 
helix  angles  in  the  two  types  of  end  mills,  two-flute  and  four- 
flute,  one  would  expect  the  same  pattern  and  magnitude  of  cutting 
forces  if  the  feed  per  tooth  is  the  same  in  both  cases.  However, 
from  this  study,  the  characteristics  of  cutting  forces  have  con- 
firmed an  entirely  different  picture.  The  smaller  the  number  of 
flutes,  the  greater  is  the  possibility  of  maintaining  an  accurate 
and  similar  grinding  of  each  of  the  flutes. 

A two-flute  end  mill  (having  flat  ends)  was  used  as  a slotting 
cutter  under  a constant  depth  of  cut  of  0.005  inch.  As  previously 
explained,  the  slotting  cutter  tooth  generates  a "trochoid"  curve 
and  chip  thickness  varies  with  respect  to  the  curve  generation. 

The  cutting  forces  should  vary  harmonically  with  the  changes  in 
chip  thickness.  Fig.  54  shows  the  periodic  variation  of  cutting 
forces  Px  and  Py.  The  progressive  increase  and  decrease  in  cutting 
forces  of  one  eage  producing  a curved  chip  were  not  harmonic,  but 
the  peak  was  shifted  in  the  direction  of  rotation  of  the  cutter. 

The  reason  can  be  traced  back  to  the  dissimilarity  of  chip  forma- 
tion. This  conclusion  also  explains  the  opposite  "jagged"  relation- 
ships that  were  observed  when  the  direction  of  the  workpiece 
movement  against  the  cutter  was  changed  as  shown  in  the  two  cutting 
force  diagrams. 
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SLOTTING 


2 - FLUTE  END  MILL 


oB  3> 


Fig . 54:  Cutting  Forces  When  Slotting  with  a 2-Flute  End  Mill 

End  milling  belongs  in  the  realm  of  light  cutting  operations, 
since  small  depth  of  cuts  and  relatively  small  feed  rates  are  used. 
Due  to  the  small  cross  section  of  chips  produced,  cutting  forces 
are  expected  to  be  small.  However,  to  establish  the  effect  of  the 
cutting  conditions  on  the  cutting  forces,  a more  complete  study  of 
end  milling  is  necessary. 

Figures  55  a,  b,  and  c show  cutting  forces  in  two  directions, 
x and  y,  at  increasing  feed  rates,  in  three  workmaterials , AISI  4140, 
low  density  P/M  materials,  and  high  density  P/M  materials,  when  a 
2-flute  end  mill  is  used.  Cutting  forces  in  two  directions,  with 
two  different  relationships  between  table  movement  direction  and 
spindle  rotating  direction  in  respect  to  the  cutting  force,  in- 
creased as  the  feed  rate  increased.  All  three  materials  demon- 
strated very  similar  results.  A RPM  of  770  and  depth  of  cut  of 
0.005  in.  were  held  constant  and  only  the  table  feed  was  varied 
from  1.2  in/min  to  10  in/min. 

There  are  no  significant  differences  which  reflect  the  material 
properties.  As  previously  mentioned,  due  to  small  depth  of  cuts 
and  small  feed  rates,  the  chip  cross  section  is  very  small  and, 
therefore,  the  specific  energy  is  small  and  can  not  be  used  to 
reflect  the  difference  in  measured  cutting  forces.  However,  we  can 
assume  that  the  cutting  forces  will  be  distinguished  when  large 
chip  cross  sections  are  produced. 
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Fig.  55a:  Effect  of  Feed  Rate  on  Cutting  Forces  When  a 
2-Flute  End  Mill  is  Used  for  ..Pro  filing 
Workmaterial  - AISI  4140 


FEED(in/min) 


Fig.  55b:  Effect  of  Feed  Rate  on  Cutting  Forces  When  a 
2-Flute  End  Mill  is  Used  for  Profiling 
Workmaterial  - Low  Density  P/M 
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Fig.  55c:  Effect  of  Feed  Bate  on  Cutting  "Forces  When  a 
2-Flute  End  Mill  is  Used  for  Fro  filing 
Workmaterial  - High  Density  P/M 


Slotting,  using  a 2-flute  end  mill,  indicated  a good  correla- 
tion between  cutting  force  and  material  hardness.  The  magnitude 
of  cutting  forces  in  different  measured  directions  showed  this 
order  - low  density,  AISI  4140,  and  high  density  - which  is  co- 
incident with  hardness  measurements  (Figs.  56a,  56b,  and  56c). 

Profiling,  using  a 4-flute  end  mill,  showed  very  similar 
results  when  compared  to  the  case  of  the  2-flute  end  mill  (Fig.  57). 
However,  generally  the  cutting  force  magnitudes  are  slightly  higher 
than  those  in  the  case  of  the  2-flute  end  mill. 

In  the  slotting  process,  using  a 4-flute  end  mill  (Fig.  58), 
the  cutting  force  magnitudes  increased  in  the  order  of  4140,  low- 
density  P/M,  and  high-density  P/M.  This  order  differs  from  the 
order  found  with  a 2- flute  end  mill. 

End  milling  force  measurements,  alone,  do  not  enable  an 
explanation  of  the  machinability  differences  among  the  three  work 
materials.  However,  this  end  milling  investigation  may  offer  a 
contribution  for  end  milling  cutter  design. 
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Fig.  56a:  Effect  of  Feed  Rate  on  Cutting  Forces  When  a 
2-Flute  End  Mill  is  Used  for  Slotting 
Workmaterial  - AISI  4140 


Fig.  56b:  Effect  of  Feed  Rate  on  Cutting  Forces  When  a 
2-Flute  End  Mill  is  Used  for  Slotting 
Workmaterial  - Low  Density  P/M 
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Fig.  56c:  Effect  of  Feed  Rate  on  Cutting  Forces  When  a 
2-Flute  End  Mill  is  Used  for  Slotting 
Workmaterial  - High  Density  P/M 


Fig.  57a:  Effect  of  Feed  Rate  on  Cutting  Forces  When  a 
4-Flute  End  Mill  is  Used  for  Profiling 
Workmaterial  - AISI  4140 
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Fig . 57b:  Effect  of  Feed  Rate  on  Cutting  Forces  When  a 
4-Flute  End  Mill  is  Used  for  Profiling 
Workmaterial-Low  density  P/M 


Fig . 57a:  Effect  of  Feed  Rate  on  Cutting  Forces  When  a 
4-Flute  End  Mill  is  Used  for  Pro  filing 
W orkmaterial  - High  Density  P/M 
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FEED  (in/min) 


Fig.  58a : Effect  of  Feed  Rate  on  Cutting  Forces  When  a 
4-Flute  End  Mill  is  Used  for  Slotting 
Workmaterial  - AISI  4140 


Fig.  58h:  Effect  of  Feed  Rate  on  Cutting  Forces  When  a 
4-Flute  End  Mill  is  Used  for  Slotting 
Workmaterial  - Low  Density  P/M 
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Fig . 58a ; Effect  of  Feed  Rate  on  Cutting  Forces  When  a 

4 -Flute  End  Mitt  is  Used  fo r Slotting 
W orkmateriat  - High  Density  P/M 
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CONCLUSIONS 


1.  The  correlation  between  chip  formation,  cutting  force 
characteristics,  and  surface  roughness,  were  demonstrated  in  three 
different  materials. 

2.  The  magnitude  of  the  cutting  forces  in  turning  represent 
the  material  properties  to  a great  extent. 

3.  In  the  drilling  process,  drilling  forces  gave  an  excellent 
indication  of  the  differences  in  the  material  properties. 

4.  Maximum  spindle  RPM  for  drilling  low  density  P/M  material 
with  a 0.5-inch  diameter  drill. 

5.  The  tool  wear  in  reaming  is  negligibly  small. 

6.  Reaming  and  boring  processes  cannot  improve,  ideally,  the 
hole  geometry  whose  errors  are  displacement  and  parallelism. 

7.  In  the  boring  process,  the  rigidity  of  the  boring  bar  plays 
a significant  role  in  respect  to  hole  geometry  improvement. 

8.  No  burrs  were  observed  in  either  low  or  higfy  density  P/M 
materials  when  tapping  was  conducted. 

9.  Profiling  and  slotting  by  2-flute  and  4-flute  end  milling 
indicated  no  definite  raachinability  characteristics. 

10.  Overall  machinability  of  the  investigated  materials  showed 
no  significant  trends  since  each  material  had  its  own  advantages  in 
specific  machining  processes. 
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ATTN:  DRXT0-ME-B 

Tobyhanna,  PA  1 8466  1 


68 


DISTRIBUTION 


Copies 


Commander 

Radford  Army  Ammunition  Plant 

Radford,  VI  2^141  1 

Commander 

Ravenna  Army  Ammunition  Plant 

Ravenna,  OH  44266  1 

Commander 

Riverbank  Army  Ammunition  Plant 

Riverbank,  CA  95367  1 

Commander 

Scranton  Army  Ammunition  Plant 

Scranton,  PA  18501  1 

Commander 

Sunflower  Army  Ammunition  Plant 

Lawrence,  KS  66044  1 

Commander 

Twin  Cities  Army  Ammunition  Plant 

New  Brighton,  MN  55112  1 

Commander 

Volunteer  Army  Ammunition  Plant 
ATTN:  SARVO-T 
P.  0.  Box  6008 

Chattanooga,  TN  37401  1 

C.  Department  of  the  Navy 
Officer  in  Charge 

U.  S.  Navy  Materiel  Industrial  Resources  Office 
ATTN:  Code  227 

Philadelphia,  PA  19112  1 

D.  Department  of  the  Air  Force 
Commander 

Air  Force  Materials  Laboratory 

ATTN:  LTE  1 

LTM  1 

LTN  1 

Dayton,  OH  45433  69 


DISTRIBUTION 

Copies 


Commander 
Tooele  Army  Depot 

ATTN:  DRXTE-SEN  1 

DRXTE-EMD  1 

Tooele,  UT  84074 

Commander 

Badger  Army  Ammunition  Plant 

Baraboo,  Wl  53913  1 

Commander 

Holston  Army  Ammunition  Plant 

Kingsport,  TN  37660  1 

Commander 

Indiana  Army  Ammunition  Plant 

Charleston,  IN  47111  1 

Commander 

Iowa  Army  Ammunition  Plant 

Middletown,  I A 52601  1 

Commander 

Joliet  Army  Ammunition  Plant 

Joliet,  IL  60434  1 

Commander 

Lone  Star  Army  Ammunition  Plant 

Texarkana,  TX  75501  1 

Commander 

Louisiana  Army  Ammunition  Plant 
P.  0.  Box  30058 

Shreveport,  LA  71161  1 

Commander 

Milan  Army  Ammunition  Plant 

Milan,  TN  38358  1 

Commander 

Newport  Army  Ammunition  Plant 

Newport,  IN  47966  1 
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